Large magnetoresistance using hybrid spin filter devices 
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A magnetic "spin filter" tunnel barrier, sandwiched between a non-magnetic metal and a magnetic 
metal, is used to create a new magnetoresistive tunnel device, somewhat analogous to an optical 
polarizer-analyzer configuration. The resistance of these trilayer structures depends on the relative 
magnetization orientation of the spin filter and the ferromagnetic electrode. The spin filtering in 
this configuration yields a previously unobserved magnetoresistance effect, exceeding 100%. 

PACS numbers: 73.40. GK, 75.70.-i, 85.30. Mn, 85.70.Kh 



Spin electronic ( "spintronic" ) devices ||i| , based on uti- 
lizing the spin as well as the charge of electrons, open up 
an entirely new class of electronics. Such devices could 
include non- volatile magnetic memories, reprogrammable 
logic Q , and quantum computers [|| . One thing hamper- 
ing the development of spin electronic devices so far is the 
lack of sufficiently polarized (nearing 100% spin polariza- 
tion) current sources, for instance, for spin injection into 
semiconductors g or reprogramable logic y. So-called 
"half-metallic ferromagnets," fully spin-polarized ferro- 
magnets, would circumvent this problem [H, but true 
half-metals have proven extremely difficult to realize in 
practice [p|. However, rather than simply using a single 
nearly perfectly-polarized material, the phenomenon of 
spin filtering may also be exploited to create near 100% 
polarization. Here we propose and demonstrate a dif- 
ferent approach, combining spin filter tunnel barriers Iq] 
and spin-dependent tunneling flp[, similar to a device 
proposed by Worledge et al. [p|. The combination of 
a non-magnetic electrode with a spin filter tunnel bar- 
rier is used to effectively mimic a half-metallic tunnel- 
ing electrode and achieve nearly 100% spin polarization. 
Using this "artificial half-metal" bilayer, we additionally 
use a second magnetic electrode, creating a nonmagnetic 
metal/ferromagnetic insulator/ferromagnetic metal (M- 
FI-F) device. We utilize EuS as the magnetic insula- 
tor, with Gd ferromagnetic and Al nonmagnetic elec- 
trodes. The tunnel current in this case depends on the 
relative magnetization orientation of the EuS filter and 
the Gd "analyzer," in analogy to a half-metallic fer- 
romagnet/insulator/ferromagnet tunnel junction. The 
spin filtering in this configuration yields a previously un- 
observed magnetoresistance effect, which we dub "Spin 
Filter Injection Magnetoresistance" (SFIM), exceeding 
100%, suggesting a filtering efficiency close to 100%. The 
present scheme would also circumvent impedance mis- 
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match problems with semiconducting counter electrodes, 
and thus potentially allow spin injection from even a non- 
magnetic metal into a semiconductor. 

The principle of spin filtering with magnetic semicon- 
ductors has been demonstrated in field emission exper- 
iments |10| , and in tunnel junctions using a supercon- 
ducting spin detector ^ . The concept of spin filtering is 
illustrated in Fig. 1, using the well-known semiconduct- 
ing Eu-chalcogenide, EuS ||ll|,|l^, which is ferromagnetic 
below Tc ~ 16. 8K, as a spin filter. Above the Tc of 
the EuS barrier, both spin-up and spin-down electrons 
experience the same potential barrier (Fig. la). Below 
Tc, due to the spin splitting of the conduction band in 
EuS (which forms the top of the tunnel barrier), the bar- 
rier height becomes spin-dependent, as shown in Fig. lb. 
As a result of the exponential dependence of tunnel cur- 
rent on barrier height, one spin channel has a much larger 
tunneling probability than the other, resulting in a nearly 
100% spin-polarized current. 

With a magnetic metal, we must consider the role of 
the spin polarized density of states in the electrode as 
well. The tunnel current depends on the number of filled 
states in the first electrode as well as the number of avail- 
able states in the second. Using one magnetic electrode. 
Fig. Ic, the density of available states in the magnetic 
electrode is spin dependent, and the tunnel current will 
depend on the relative orientation of the filtered spins 
{i.e., the EuS magnetization direction) and the electrode 
magnetization. For parallel alignment, Fig. Ic, only ma- 
jority (spin up) electrons tunnel through the filter, and 
thus they can only tunnel into majority states in the mag- 
netic electrode, resulting in a large tunnel current. For 
the antiparallel case, (Fig. Id), the current is minimal, 
since only the minority (spin down) states are available 
in the ferromagnet. One may consider this device analo- 
gous to a polarizer/analyzer optical configuration, albeit 
with a less-than-perfect analyzer, or a magnetic tunnel 
junction with one half-metallic electrode. The magnitude 
of the expected SFIM effect may be estimated within a 
simple two-current model [0,|l^, assuming spin conser- 
vation in the tunneling process, as AR/Rp=2PinPf/(l- 



PmPf), where Pm is the spin polarization of the ferro- 
magnetic electrode, Pf is the efficiency (polarization) of 
the spin filter, and AR/Rp is the change in resistance 
between parallel and antiparallel magnetization configu- 
rations normalized by the resistance in the parallel state. 
For a ferromagnetic electrode polarization of 50% M , and 
a filter efficiency of 90% H , one may expect a SFIM effect 
of more than 160%. 

Devices were fabricated using conventional ultra-high 
vacuum sputtering techniques with in situ shadow masks 
onto oxidized Si(lOO) wafers. The EuS tunnel barrier was 
grown at 300° C, while the metallic layers were grown 
at ambient temperature. Fig. 2 shows resistance ver- 
sus magnetic field for a Si/Si02/Ta 5nm/Al 3nm/EuS 
5nm/Gd 15nm structure at 2K (well below the EuS Tc), 
30K (well above the EuS Tc), and at 7K (T/Tc~0.4). At 
2K, an effect of ~100% (in some cases more than 130%) 
is observed, clearly indicating the efficiency of the spin 
ffitering. However, at 30K, above the EuS Tc, almost no 
magnetoresistance (<5%) is observed, indicating clearly 
that the observed effects are due to the presence of a fer- 
romagnetic spin ffiter barrier (the small persisting effect 
is due only to the field-induced magnetization in the EuS 
layer). Returning to the 2K data, for sufficiently high 
fields (~0.5T), when both magnetizations are parallel a 
low resistance state is observed. For some small fields, 
although the magnetization orientation in these struc- 
tures is not completely well defined, a near antiparallel 
alignment is reached, and thus, a high resistance state is 
observed. At 7K a large effect is still observed, and the 
switching behavior is also more controlled, though still 
a complete antiparallel alignment is not reached. For 
completely antiparallel alignment, an even larger SFIM 
effect is anticipated. Given the observed SFIM effects of 
more than 130%, it can be determined using the afore- 
mentioned simple model that for a Gd polarization of 
40% or less ||l4], our filter efficiency is essentially 100%. 
Further, to indicate that a relative parallel or (nearly) an- 
tiparallel alignment is possible, we have measured mag- 
netization versus magnetic field at 5K for separate EuS 
5.0nm/Gd bilayers. Two distinct switching events are 
observed, one at low field corresponding to the EuS mag- 
netization reversal, and one at higher fields correspond- 
ing to the Gd magnetization reversal. The presence of 
two distinct magnetization reversals indicates that the 
Gd electrode and EuS barrier can be switched indepen- 
dently (with some preliminary evidence for antiferromag- 
netic coupling between EuS and Gd), and may be aligned 
parallel or nearly antiparallel. 

Additional evidence of the nature of the spin filtering 
phenomenon can be obtained from the temperature de- 
pendence of the junction resistance. If spin filtering is 
present, one can expect the junction resistance to de- 
crease as the temperature decreases finQ-O. Specifi- 
cally, below Tc the barrier height for spin up electrons 
is much lower (by ~0.18eV [0,0]) than for either spin 



up or spin down electrons above Tq. Thus, spin up elec- 
trons preferentially tunnel because of this lowered bar- 
rier, leading to a resistance decrease at low temperatures 
in addition to the high spin polarization. More quanti- 
tatively, the tunnel resistance (for a vanishing external 
bias) can be expressed within a simple free-electron tun- 
nehng model P,[7|Jl^] as: 
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exp(d^|^(T)) ^niT)=^TJdfSa{T) (1) 



where d is the barrier thickness, T is the temperature, 
Tp is the average tunnel barrier height, Jdf is the d-f ex- 
change constant for EuS ||ll|], S=7/2 is the spin quantum 
number of a Eu^"*" ion , and (j{T) is the reduced magne- 
tization M(T)/M(T=0) of EuS, with the t (i) are to de- 
note spin up(down) electrons. We expect, then, that the 
temperature dependence of the tunnel resistance should 
scale (exponentially) with the magnetization of the EuS 
filter. Shown in Fig. 3 is the normalized tunnel resis- 
tance as a function of temperature, in several applied 
fields, for an Al/EuS/Gd junction. Indeed, a clear de- 
crease of the tunnel resistance is observed below the Tc 
of EuS, which provides proof that spin filtering is present. 
Further, the broadening of this resistance transition with 
increasing applied field is expected from the smearing of 
the magnetization-temperature behavior near the transi- 
tion in the presence of an external field |13] . This clearly 
indicates that the resistance transition is related to the 
magnetic phase transition in EuS. Further, the exponen- 
tial sensitivity of the tunnel resistance to the reduced 
magnetization of the EuS layer may explain the noise 
observed in the R(H) data, as small fluctuations in mag- 
netization are amplified in the resistance signal. We note 
parenthetically that although the absolute resistance of 
these devices is quite high, as expected for a 50A bar- 
rier, reducing the EuS thickness by a factor of two would 
gain several orders of magnitude in resistance, without 
seriously affecting the magnetic quality fwj[ . 

Finally, to indicate that all of the observed phenom- 
ena are genuinely due to tunnel transport, in the inset of 
Fig. 3 we show a conductance-voltage (dl/dV-V) curve 
at 5K for an Al/EuS/Gd junction. A roughly parabolic 
and symmetric behavior is observed at higher voltages, 
indicative of tunnel transport |1^. At low voltages, a 
linear contribution is observed, consistent with tunnel- 
ing assisted by magnon excitations in the Gd layer p7[ . 
Fitting the I-V curves to Simmons p3| model gives bar- 
rier heights of ~0.5eV below the EuS Tc. By fitting 
curves below and above Tc, we obtain an exchange split- 
ting of «0.36eV (Using Eq. 1), in agreement with bulk 
data |0,0] and previous tunneling measurements [pj. 
Though the barrier heights are much lower than previ- 
ously reported values m , this is probably a result of the 
defective and polycrystalline nature of our sputtered EuS 
films. Additionally, at temperatures above the EuS Tc, 
the tunnel resistance decreases as temperature increases, 



consistent with of tunnel transport. We may conclude 
that we are indeed observing magnetoresistance due to 
spin filtering tunneling via the EuS tunnel barrier. 

Summarizing, we report a large and newly discovered 
magnetoresistance effect in Al/EuS/Gd structures, re- 
sulting from the combination of a spin filter tunnel bar- 
rier and a ferromagnetic electrode. These ideas may 
have potential utility for spin injection into semiconduc- 
tors or for novel hybrid devices. The large polarization 
achievable using spin filters |q|, as well as the lack of 
any impedance mismatch problem H with semiconduc- 
tors, makes spin filtering a nearly ideal method for spin 
injection into semiconductors, enabling novel spintronic 
devices [|l|. Finally, a spin- filter operating at room tem- 
perature would be possible, utilizing the myriad of ferro- 
and ferri- magnetic ferrites and garnets [Q, or poten- 
tially the recently predicted room temperature diluted 
magnetic semiconductors |Q, which can be made mag- 
netic and insulating above room temperature. 
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FIG. 1. Schematic illustration of spin filtering and the mag- 
netoresistance effect, (a), above Tc of the EuS filter the two 
spin currents are equal, (b), below the Tc of EuS, the tunnel 
barrier is spin-split, resulting in a highly spin polarized tunnel 
current. With a ferromagnetic (FM) electrode, the tunnel cur- 
rent depends on the relative magnetization orientation. For 
parallel alignment (P), (c), a large current results, while for 
antiparallel alignment (AP), (d), a small current results. 
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FIG. 2. (a) Magnetoresistance as a function of magnetic 
field at 2K (well below the EuS Tc), (b) at 7K, and at 30K 
(well above the EuS Tc). 
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FIG. 3. Normalized resistance vs. 
ior for several values of magnetic field: B=O.OT (circles), 
B=0.3T (squares), and B=0.8T (triangles). Inset: conduc- 
tance-voltage (dl/dV-V) characteristics at 5K for a represen- 
tative Al/EuS/Gd device. 



